INTRODUCTION
Pathologic mineralization frequently complicates the course of cardiac valvar disease. (1, 2) Furthermore, calcific degeneration oftissue valve prostheses has also emerged as an important clinical problem (3) (4) (5) . The etiology of valvar calcification is poorly understood. Congenitally stenotic and bicuspid aortic valves are unusually susceptible to the development of calcific stenosis (1, 2) . Aortic valve homografts, when used as prostheses, undergo rapid calcification over a 1-2-yr period (5) , and this complication has resulted in the abandonment of this type of prosthesis. In addition, porcine xenograft calcification has been recently noted as a significant complication (3, 4) and this problem has been noted to occur more frequently in children (4) .
y-carboxyglutamic acid (Gla),' a highly specialized calcium-binding amino acid, was first discovered in the vitamin K-dependent blood coagulation factors (6, 7) . Recently, Gla has been demonstrated to occur in other unique proteins of bone (8) , kidney (9) , and lung (10) , and in proteins isolated from various pathologic calcifications including calcium containing renal stones (11, 12) and calcified atherosclerotic plaque (11, 13) . Gla biosynthesis in liver (7), bone (14) , kidney (9) , and lung (10) has been demonstrated to occur as a vitamin K-dependent posttranslational, enzymatic carboxylation of specific glutamic acid residues (Fig. 1) . Gla protein function has been studied in prothrombin I Abbreviation used in this paper: Gla, y-carboxyglutamic acid.
Div., Palo Alto, Calif.) automated amino acid analyzer according to methodology developed in our laboratory (16 Aliquots of the acid hydrolysates were diluted in 0.5% La... for calcium determination by atomic absorption (13) . In addition, aliquots of the acid hydrolysates were analyzed for phosphorus content (15) . Amino acid analysis of the alkaline hydrolysates to detect and quantitate Gla was performed on a Beckman-Spinco 121XM (Beckmani Instrumiienits, Inc., Spinco
RESULTS
Gla anid minleral atnalysis. Gla was present in all calcified valve specimens (2.0-10.6 residues Gla/104 amino acid residues) and was undetectable in noncalcified tissues (Table I) . Furthermore, as shown in Table  I , human tissue specimens with calcific aortic stenosis demonstrated markedly elevated Gla levels, whereas noncalcified valves with congenital aortic stenosis had no detectable Gla. Also of interest is the finding of high Gla levels in a calcified aortic valve homograft. As presented in Table I , normal aortic valves had no detectable protein-bound Gla. Gla was also present in calcified porcinie xenograft implants (Table I) and was not demonstrable in normal porcinie aortic valves (nonfixed) and in nonimnplanited glutaraldehyde-preserved valves (Table I ). As Fig. 1 illustrates, valvar calcium content of the calcified valves was directly related to the tissue Gla levels.
Coin plete amin1i)o acidi anialr sis. As shown (Table I) , calcified valves deemonstrated a number of importanit differences in aminio acid composition compared with both normal and noncalcified stenotic valves. Both porcine and human valves showed increased levels of the acidic amino acids, aspartic acid and glutamic acid. Calcified porcinie valves exhibited markedly lower hydroxyproline conitenit compared with normiial and(l glutaraldehyde-preserved porcine valves, indicatinig reduced collagen (18) . Calcified human valves however, had only slightly lower hydroxyproline conitenit. Glycine content paralleledl the hydroxyproline conitenit as woul(d be expected because collagen is also rich in glycine (18) . Hydroxylysine (an amino acid unii(uely involved in collagen crosslink formation) was present at relatively lower levels in some valves with calcification. The low hydroxylysine levels in glutaraldehyde-preserved valves are a result of the glutaraldehyde fixation (19 Complete amino acid composition studies of the mineralized valves showed that compared with normal, the Gla-containing proteins occur in these tissues as part of an overall change in protein composition, which includes relatively diminished collagen content and increased acidic amino acids, indicating increased acidic proteins. The demonstration of the highly specific, calciumbinding amino acid Gla in calcified valves, suggests that Gla-containing proteins in the mineralizing valve leaflets may bear many functional similarities to other extrahepatic Gla-containing calcium-binding proteins. Osteocalcin, the Gla-containing protein found in normal bone (8) was the first example of an extrahepatic vitamin K-dependent protein (14) . Previous work on bone development has shown that the highest Gla levels (and hence, highest osteocalcin levels) occur in the most mineralized regions of bone (18) , a finding similar to the relationship in calcified valves shown in the present work (Fig. 1) . Furthermore, Gla-containing proteins have also been noted to be present in other pathologic calcifications (11, 12) and unique Glacontaining proteins have, in fact, been isolated from calcium containing renal stones (12) , and calcified atherosclerotic plaque (13) . In calcified plaque our group has found that Gla levels paralleled calcium content and pathologic severity (13) , as is the case in the present work concerning calcified cardiac valves. Atherocalcin (13) Fig. 1 suggests an ordered synthesis of these proteins in situ rather than adsorption. Furthermore, our data show that the typical valvar calcium levels in the calcified leaflets are several orders of magnitude greater than the molar amounts of detectable Gla. This suggests that the Gla-containing proteins present in calcified values may function as calcification initiators, rather than macromnolecules simply adsorbed to the mineralizing matrix. In the case of porcine xenograft and homiiograft valves, in situ biosvnthesis could only result from host cell invasioni and, in fact, increasing cellular invasion of valvar grafts with time has been reported (20) .
Furthermore, the present results suggest that the biosynthesis of Gla-containing proteins found in calcified cardiac valve tissue is vitamini K-dependent, as has been showni for liver (7) , bonie (14) , kidney (9) , and lung (10) . In the case of the vitamin K-dependent clotting factors, vitamin K-antagon-ism with warfarin or related drugs results in an inhibition of Gla synthesis with loss of calcium binding aind anticoagulation (7) . If Gla-containing proteins are necessary for the mineralizationi of cardiac valves, then vitamin K-antagonism with (perhaps) warfarin or analogous drugs could delay or diminish the pathologic process. Also, modification of tissue prostheses with either warfarin analog pretreatment or actual material incorporationi of these compounds could favorably affect calcific degeneration.
